ABSTRACT: Tree growth response to climate is not well understood in the eastern Qinling Mountains of central China, an East Asian monsoon dominated region. In this study, we developed 4 robust tree-ring width chronologies using Chinese pine Pinus tabulaeformis along an elevation gradient. The 4 chronologies were significantly correlated with each other. Through standard correlation function analysis, we found that each of the 4 chronologies correlated negatively with temperature, especially with maximum temperature in May and June, and positively with precipitation from prior December to current May. Principal component analysis and composite analysis of years when extremely narrow rings were common to all 4 chronologies confirmed this relationship. However, precipitation in the current September and October was positively correlated to tree growth at lower sites and negatively at higher ones, and temperature stress effects increased with elevation. The findings will help understand the growth response of this tree species to climate change in the southern part of its range, and provide critical information for future climate reconstructions using this tree species in humid or semi-humid regions.
INTRODUCTION
The regional and seasonal expression of climate change determines the effects of greenhouse warming on ecosystems and society (Fischlin et al. 2007) , and changes in precipitation and temperature play an important role in determining the effects of climate change on vegetation (Engler et al. 2011) . However, the response of forests to climate change is complicated by differences in topography, elevation, and soil properties (Fritts 1976 , Villalba et al. 1994 , Ettl & Peterson 1995 , Buckley et al. 1997 , Liang et al. 2006 , Fan et al. 2009 ). Recent studies have shown uphill shifts of species' distributions in response to historical warming (Theurillat & Guisan 2001 , Beniston 2003 , Fagre et al. 2003 , Dang et al. 2010a , which has led to widespread expectation of continued uphill shifts in response to future warming. Meanwhile, downhill shifts in plant species' optimum elevations have also been observed, which could be explained by species' niches tracking regional changes in climatic water balance rather than temperature (Crimmins et al. 2011 ). The present study addresses these issues by inves-tigating the growth response of Chinese pine Pinus tabulaeformis to climate factors along an elevation gradient in the southern part of its range in central China.
Chinese pine is widely distributed in China, ranging from 31°N to 44°N and from 101°30' Ε to 124°45 ' Ε (EBFC 2003) . The responses of this tree species to climate have been well investigated in arid and semi-arid China, indicating that precipitation prior to and during the growing season is the primary factor limiting tree growth and that higher temperatures in the growing season enhance water stress through increasing evapotranspiration (Liu et al. 2004 , Li et al. 2007 , Shi et al. 2008 , Liang et al. 2009 ). On the basis of these tree growth-climate relationships, many precipitation or soil moisture-related reconstructions have been conducted in arid and semi-arid China (Liu et al. 2004 , Li et al. 2007 ). In the Qinling Mountains, several dendrochronological studies have been undertaken (Hughes et al. 1994 , Garfin et al. 2005 , Dang et al. 2007 , 2010b . With respect to Chinese pine, one study found a significant positive correlation between ring width and mean temperature from prior September to current April on the southern slope, and a significant negative correlation between tree growth and mean May to July temperature on the northern slope ); another study revealed a significant negative correlation between tree growth and mean May to July temperature (Tian et al. 2009 ). However, how this tree species res ponds to climate in humid and semihumid regions is still poorly understood, largely due to the very limited number of dendrochronological studies of this species in these re gions. This situation has prevented large-scale climate reconstructions using Chinese pine. To address these challenges, we collected tree-ring samples of Chinese pine along an elevation gradient in the eastern Qinling Mountains, a semi-humid region controlled by the East Asian monsoon. We built 4 Chinese pine tree-ring width chronologies along the elevation gradient, and explored the relationships between tree growth and climate factors (precipitation and temperature) at different elevations.
MATERIALS AND METHODS

Study area and climatic data
The Qinling Mountains extend 1600 km from east to west, thereby forming an important watershed between China's 2 great rivers, the Yangtze River and the Yellow River (Fig. 1) . The mountain range is situated in the transitional zone between subtropical and warm-temperate zones, making it a biologically rich area and one that is sensitive to climatic change. Our study area is a branch of the eastern Qinling Mountains, also called Mount Funiu. Elevation of the highest peak is 2192 m above sea level (m asl). Climate data used in this study include regional monthly maximum, mean and minimum temperature and monthly total precipitation. The instru mental data were obtained from 4 meteorological stations (Luan chuan, 33°47' N, 111°38' E; Xixia, 33°18' N, 111°30' E; Ruyang, 34°09' N, 112°2
8' E; Nanzhao, 33°34' N, 112°33' E) around the sampling sites ( Fig. 1) , all of which cover the period from 1958 to 2005. As shown in Fig. 2 , annual precipitation decreases from southeast to northwest and increases with elevation. Annual mean temperature in Luan chuan is about 2 to 3°C lower LCM01 SRS04
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Tree-ring data
We collected increment cores of Chinese pine from 4 sites at different elevations (Fig. 1) . The sampling sites, located in Baiyunshan (BYS), Longchiman (LCM), and Shirenshan (SRS) National Reserves, were: BYS0102 (33°38' N, 111°51' E), LCM01 (33°41' N, 112°3' E), SRS04 (33°44' N, 112°14' E) and SRS10 (33°44' N, 112°15' E). A few samples of BYS0102 and all samples of SRS10 were collected in early June of 2006. Other samples of BYS0102 and all samples of LCM01 and SRS04 were collected in early June of 2008. All trees at these sites grow on thin soils on the peaks of mountains that are difficult to access, and they are sparsely distributed. Thus, the effects of slopes, orientations, and inter-tree competition are minimized. The longest distance among the sampling sites is only 45 km (from BYS0102 to SRS10). As a result, climate variation due to differences in elevation is the dominant factor affecting tree growth at each site.
Following the standard dendrochronological techniques (Cook & Kairiukstis 1990) , 2 cores per tree were extracted using increment borers, and at least 20 trees were cored at each site (Table 1) . Samples were processed using standard procedures (Stokes & Smiley 1996) , and then were visually cross-dated under a microscope. Each tree-ring width was measured to 0.001 mm precision using the LINTAB 5.0 system. Dating and measurement errors were further checked with the COFECHA computer program (Holmes 1983) . Subsequently, each ring-width chrono logy was developed using the ARSTAN program (Cook 1985) by removing biological growth trends while preserving variations that were likely related to climate. All the measurement series were detrended using fitted negative exponential curves or linear regression curves. A cubic spline with a 50% frequency-response cutoff equal to 67% of the series length was also used in a few cases (0 of 27 cores from BYS0102, 2 of 43 cores from LCM01, 2 of 57 cores from SRS04, and 2 of 33 cores from SRS10) when anomalous growth trends occurred. The ratios between original ring widths and the fitted curves are calculated as the detrended series. Autoregressive modeling was used to remove much of the autoregressive properties in the detrended series. The resulting series were biweight-averaged to produce a residual chronology (the RES chronology generated by ARSTAN) for each site (Fig. 3) . As the sample size generally declines in the early portion of a treering chronology, we used the subsample signal strength (Wigley et al. 1984 ) with a threshold of 0.85 to identify the most reliable time span of each 
Statistical analysis
Several descriptive statistics were used to evaluate the quality of the chro nologies: mean sensitivity and standard deviation, mean correlation among all series of each site, signal/ noise ratio, expressed population signal (EPS), and the variance explained by the first principal component (PC1) Tree-ring width index Sample depth (Fritts 1976) . Principal component ana lysis was used to classify the chronologies, and the resulting components were used to explore how climate caused their structural similarities and/or differences that might be re lated to site elevations. The robust principal components were calculated from the correlation matrix of the 4 chrono logies. This transformation is defined in a way that PC1 has as high a variance as possible, and each succeeding component has the highest variance possible under the constraint that it be ortho gonal to the preceding components. Correlation and principal component analyses were done using the soft ware Statistica 6.0 (StatSoft). In order to assess the relations between ring-width chrono logies and climate, Pearson's correlations were computed between tree-ring chro no logies, the first 2 principal components of the 4 chro no logies and temperature and precipitation over a 16 mo window from July of the year before tree growth until October of the current year. The significance level was 0.05.
RESULTS AND DISCUSSION
Characteristics of tree-ring chronologies
The highest site, SRS10, has an average ring width of 1.04 mm, while the lowest site, BYS0102, has an average width of 1.46 mm, > 41% wider (Table 1) . The mid-elevation sites LCM01 and SRS04 have average ring widths of 1.28 and 1.31 mm, respectively. Basal area incrementĉ represents overall tree growth better than a linear measurement (Valentine 1985 , LeBlanc 1990 , Bigler & Bugmann 2003 , Biondi & Qeadan 2008 , and was also calculated (see Eq. 12 in Biondi & Qeadan 2008) . It decreased with increasing elevation (Table 2 ). In order to evaluate the influence of tree age on ring width and the estimated basal area increment, the samples from the 4 sites were pooled, and the correlation coefficients between tree age and ring width and between tree age and the estimated basal area increment were calculated, and found to be −0.52 and −0.30, respectively (N = 160), both significant at 0.01 level. Therefore, the general de creases of ring width and basal area increment with elevation cannot be attributed to elevation effects here. Standard deviations and mean sensitivities vary from 0.33 to 0.39 and 0.25 to 0.29, respectively. The highest site has the largest value of the first-order autocorrelation, but the smallest value of inter-series correlation. The EPS value increases with tree/core numbers by definition (Wigley et al. 1984) . The variances explained by the first principal components for the lower sites (i.e. BYS0102 and LCM01) are larger than those of the higher sites (i.e. SRS04 and SRS10). However, the signal-to-noise ratios are higher for middle elevation sites, which may be due to the larger number of cores.
Correlations between the chronologies
The correlations of each pair of the 4 chronologies are significant at the 0.01 level ( Table 2 ), indicating that there are common climatic factors influencing tree growth at each elevation. The smaller the difference in elevation between 2 sites, the more significant is their correlation. The closest 2 pairs of chro nologies, BYS0102-LCM01 and SRS04-SRS10, have the highest correlations of 0.75 and 0.80, re spectively. Therefore, site elevation is a very im por tant factor in determining the similarity of site chronologies.
Tree growth and climate
We calculated the correlations of the 4 residual chronologies with monthly maximum, mean, minimum temperatures and monthly total precipitation. As shown in Fig. 4 , a general feature is that tree growth responds positively to precipitation from prior December to current May at all 4 sites, indicating that there is water stress prior to and at the beginning of the growing season. In northern China, dendrochronological studies of Chinese pine indicate that the limiting effect of precipitation extends to July (Liu et al. 2005 , Li et al. 2007 . A process-based modeling analysis also showed that precipitation prior to and during the growing season has significant effects on Chinese pine growth in semi-arid areas of north central China (Shi et al. 2008) . However, water stress only extends to May in this study, reflecting the early arrival of the East Asian Monsoon in the region, which explains why tree growth shows no relation with July and August precipitation. Tree growth is correlated positively with precipitation in September and October at the 2 lower sites (BYS0102 and LCM01), but negatively at the 2 higher sites (SRS04 and SRS10). It was positively correlated with temperature in September and October, mainly at the 2 higher sites. July is the hottest month of a year. From then on, temperature decreases and its limiting effect strengthens, especially at higher sites. There are statistically significant negative inter-correlations between maximum temperatures and precipitation in September and October (Table 3) . When temperature decreases below a certain point, it begins to limit tree growth 162 directly; at the same time the negative relationships between maximum temperature and precipitation leads to negative effects of precipitation on tree growth in September and October. This mainly affects higher sites, such as SRS10, where precipitation is higher and temperatures are lower, compared to other sites. This relationship was also found in the Helan Mountains of north central China, where a process-based model study showed that the percentage of days with growth limitation was related to temperature increases, while that related to soil moisture decreases in the late growing season (Shi et al. 2008) . Further investigation of the inversion of the relation of tree growth and precipitation in September and October is required. Tree growth is positively influenced by winter temperature prior to the growing season, in October to December at BYS0102 and LCM01, October to February at SRS04, and October to March at SRS10 (Fig. 4) . The number of limiting months increases with elevation. Moreover, the higher the sampling site, the stronger are the effects of prior winter temperature on tree growth. When prior winter temperature limits tree growth, it is the minimum temperature that plays the critical role. There are no significant correlations between tree growth and monthly minimum temperature during the period of prior winter at BYS0102 and LCM01, but 1 significant correlation was recorded at SRS04 (r = 0.35 in prior December) and 3 significant correlations at SRS10 (r = 0.38, 0.32, and 0.42 in prior December, January and February, respectively). The influence of winter temperature on tree growth was also found for Pinus taiwanensis Hayata in the lower reaches of the Yangtze river in southeast China (Shi et al. 2010) , Pinus armandii Franch in the eastern Qinling Mountains (Shi et al. 2009 ), Pinus tabulaeformis in the southern Qinling Mountains ), Juniperus przewalskii in the Xiqing Mountains of the northeastern Tibetan Plateau , Abies chensiensis in the Jiuzhaigou region of southwest China (Song et al. 2007) , Sabina przewalskii and Picea crassifolia on the northeast Tibetan Plateau (Liang et al. 2006) , and Picea balfouriana in western Sichuan Province of China (Shao & Fan, 1999) . Increased winter temperature in areas of inconsistent snow pack may reduce winter damage to roots, resulting in less growth limitation (Pederson et al. 2004) . Therefore, winter temperatures have a strong in fluence on tree growth for many species from humid to semi-humid regions and in high mountains.
May to June temperatures were negatively correlated with tree growth, and it was maximum temperature, not minimum temperature (nighttime temperature), that played the limiting role (Fig. 4) . Significant correlations between tree growth and maximum temperatures occurred in May (r = −0.29, −0.35, −0.35 and −0.32 at BYS0102, LCM01, SRS04 and SRS10, respectively). Plant stomata open in the daytime when there is a large amount of sunshine, which increases water evaporation and exaggerates water stress in the early growing season when there is less monsoon-related precipitation in the study area. These negative correlations were consistent with an expected drought response of trees to increasing evapotranspiration when temperature increased to the level of sustaining tree growth but precipitation did not catch up. With further increase of precipitation in July and August, water stress was largely alleviated, and tree growth was no longer influenced by temperature.
Principal components of the chronologies and climate
We extracted the first 2 principal components (PC1 and PC2) of the 4 residual chronologies, which explained 89.26% of the total variance (Fig. 5) . The PC1 loadings are −0.82, −0.87, −0.89 and −0.83, and the PC2 loadings are −0.49, −0.32, 0.31 and 0.47, for BYS0102, LCM01, SRS04 and SRS10 chronologies, respectively. As shown in Fig. 5 , the 4 chronologies have similar PC1 loadings, indicating that the PC1 represents their common signals. However, PC2 loadings highlight the differences between the lower and the higher sites: lower sites BYS0102 and LCM01 show negative loadings while higher sites SRS04 and SRS10 show positive loadings.
Correlations were calculated between climate factors (monthly maximum, mean, and minimum temperature, monthly precipitation) and PC1 and PC2, (Fig. 6 ). PC1 is correlated negatively with prior December minimum temperature (r = −0.30), and positively with maximum and mean temperatures in May (r = 0.38 and 0.37, respectively) and in June (r = 0.29 and 0.31, respectively). Strong correlations were found with precipitation from prior December to current May, with significant correlations in February (r = −0.29) and May (r = −0.32). PC2 is correlated positively with maximum and mean temperature of prior September (r = 0.33 and 0.37, respectively), maximum temperature in September (r = 0.31), and maximum and mean temperature in October (r = 0.40 and 0.30, respectively). Strong negative correlations were found with precipitation from August to October, with significant correlations in September (r = −0.37) and October (r = −0.37).
In general, common signals of the 4 chronologies were dominated by maximum and mean temperatures in May and June, and precipitation from prior December to current May. Tree growth at all 4 sites benefits from the lower maximum and mean temperatures in May and June and from more precipitation from prior December to current May. Tree growth at higher sites benefits from higher maximum temperature in September, higher maximum and mean temperatures in October, and less precipitation in September and October. With the decrease of site ele vation, the relationship with precipitation becomes less strong and is then reversed. 
Formation of extremely narrow rings
During the process of crossdating, we found extremely narrow rings that served as marker rings at all 4 sites (Fig. 3) . Considering only the period 1958 to 2005, we compared tree-ring width with meteorological data to identify the climate factors that controlled the formation of extremely narrow rings. As shown in Fig. 3 , these rings were formed in 1968, 1992 and 2000 in all 4 chronologies. When the 4 chrono logies were averaged over their common reliable period from 1887 to 2005, the widths of these 3 narrow rings were outside of the range of 1 standard deviation, the probability of which was < 5%.
We calculated the average values of monthly maximum, mean, and minimum temperatures and precipitation for the 3 years, and then subtracted their respective long-term mean values (Fig. 7) . As shown above, common tree-ring patterns were mainly determined by temperature in May and June, and precipitation from prior December to current May. It was found that average monthly precipitation over the 3 years 1968, 1992 and 2000 was below its long-term mean from prior December to current May, especially in April and May, when precipitation was 53.3 and 30.2% below average. Temperature deviations were positive from March to May (0.94, 2.23 and 1.17°C, in March, April and May maximum temperatures, respectively). Therefore, we conclude that low precipitation before and in the early growing season (prior December to current May) and high temperatures in spring (March to May) together caused the formation of extremely narrow rings.
CONCLUSIONS
Chinese pine is distributed in a large region in China, from 31°N to 44°N and 101°30' Ε to 124°45' Ε. Although the response of this tree species to climate has been widely investigated in the northern part of its range, where the climate is arid or semi-arid, little work has been done on the southern part of the range where the climate is humid or semi-humid. In this study, we developed 4 tree-ring width chronologies along an elevation gradient, and analyzed their response to climate using nearby meteorological records. We found that the similarities and differences among the 4 tree-ring width chronologies of Chinese pine are attributed to climatic factors. Their common ring-width patterns were determined by temperature in May and June and precipitation from prior December to current May. However, temperatures and precipitation in current September and October had a broadly opposite influence at the lower and the higher sites. This study provides critical information for climate reconstruction using Chinese pine in the southern part of its range, and further emphasizes the importance of winter temperature, especially at high sites in this region, on carbon cycles in the context of global warming. To the north of the study region, precipitation prior to and at the beginning of the growing season could be reconstructed using Chinese pine, but to the south, winter temperature is more likely to be reconstructed using this species. There is an ongoing warming and drying trend for all seasons in central and north China (Wang & Zhou 2005 , Zhai et al. 2005 , Ma & Fu 2006 , which has been projected to continue for the next few decades (Tao et al. 2003) . Under this type of climate change, Chinese pine is expected to reduce its capa city to sequester carbon, with the exception of the southern part of its range, where tree growth could benefit from the increase of winter and autumn temperatures, in particular at high elevation sites. 
